We examine the trans-Pacific transport of mercury using a global chemical transport model. Using existing anthropogenic inventories, the model reproduces the observed Hg/CO ratio in Asian long-range transport events observed at a surface site in Okinawa, Japan and Mount Bachelor, Oregon, with an underestimate of 18-26% in the ratio. This is in contrast with previous studies that inferred a factor of two underestimate in Asian anthropogenic emissions. We find that mercury from land emissions and re-emissions, which are largely co-located with anthropogenic emissions, account for a significant fraction of the observed Hg/CO ratio. Increasing Asian anthropogenic emissions by 50% while holding land emissions constant, or further increasing anthropogenic emissions while decreasing land emissions, corrects the remaining model bias in the Hg/CO ratio.
Introduction
Anthropogenic emissions have caused a factor of 3 increase in the atmospheric mercury burden since pre-industrial times [Mason and Sheu, 2002] , posing a threat to human health and wildlife. Asian emissions increased rapidly in the early 1990s, and in 2000 accounted for 54% of global anthropogenic emissions [Pacyna et al., 2006] .
European and North American emissions decreased over the same time period.
With a long atmospheric lifetime (over 6 months) [Schroeder and Munthe, 1998 ], elemental mercury (Hg 0 ) undergoes global atmospheric transport. Global modeling studies indicate that 21-24% of mercury deposition to North America is of Asian origin, compared to 30-33% of North American origin [Seigneur et al., 2004; Travnikov, 2005] .
Several observational studies have detected long-range transport of mercury from Asia. Aircraft measurements during the ACE-Asia campaign found mercury well correlated with other pollutants in plumes over the western Pacific Ocean [Friedli et al., 2004] . At a ground-based site in Okinawa, Japan, Jaffe et al. [2005] We analyze these observations with the GEOS-Chem global tropospheric chemistry model [Bey et al., 2001 ] version 7-04-05
(http://www.as.harvard.edu/chemistry/trop/geos/). The model is driven by assimilated meteorology from the NASA Global Modeling and Assimilation Office (GMAO). After a spin-up period to reach steady state, we run the model for 2004 using the GEOS-4 meteorological fields. The model has 2° latitude by 2.5° longitude horizontal resolution and 30 vertical hybrid pressure-sigma layers. For the grid boxes corresponding to
Okinawa and MBO, we extract hourly output from the model.
We perform a CO simulation [Duncan et al., 2007] , which includes emissions from fossil fuel, biofuel, and climatological biomass burning, as well as a photochemical source from oxidation of methane and biogenic volatile organic compounds (BVOCs).
The CO simulation has been evaluated extensively in other studies [eg. Heald et al., 2003; Palmer et al., 2003; Liang et al., 2004; Duncan et al., 2007] .
We also perform a mercury simulation, with tracers for Hg 0 , divalent mercury (Hg   II   ) , and particulate mercury (Hg P ) [Selin et al., 2007a] . We treat the Hg II tracer as comparable to RGM measurements. In the atmosphere, Hg 0 is oxidized to Hg II by ozone and OH, and in cloudy regions Hg II can be reduced back to Hg 0 . Hg II is lost through wet and dry deposition. In the rest of the paper we will refer to RGM as Hg II . The atmospheric mercury model is fully coupled to a slab model of the ocean mixed layer [Strode et al., 2007] . Mercury entering the ocean mixed layer through deposition or oceanic mixing can be converted in the ocean to elemental mercury and then emitted to the atmosphere through gas-exchange, or it can be lost to the deep ocean through mixing and sinking on particles.
The mercury simulation includes emissions from anthropogenic sources [Pacyna et al., 2006; Wilson et al., 2006] , biomass burning, and natural emissions plus reemissions from land and ocean. Globally, the model includes 2200 The stronger seasonality in CO reflects its shorter lifetime (~2 months) compared to the 9-month lifetime of TGM.
If we consider the entire United States, we find a springtime North American anthropogenic contribution to surface Hg 0 concentrations of 4%, a N. American land contribution of 16%, an Asian anthropogenic contribution of 16%, and an Asian land contribution of 12%. Other land emissions account for 20% (Table 1) .
Hg

/CO ratios
Mercury emissions inventories remain highly uncertain. For the global inventory, the uncertainty is estimated to be + 25% for fuel combustion sources, + 30% for industrial processes, and a factor of 2-5 for waste disposal [Pacyna et al., 2006] . The uncertainty in anthropogenic emissions from China is 228 229 +44% [Streets et al., 2005] . 230 Uncertainties in natural mercury emissions, with estimates varying by a factor of 4 [Gustin and Lindberg, 2006] , as well as reemissions of previously deposited mercury further complicate these estimates. Streets et al. [2006] estimate the uncertainty in CO emissions from China to be 231 232 233 +68%. However, Asian CO emissions inventories have also been constrained by comparison to ground-based, aircraft, and satellite observations [Heald et al., 2003; Heald et al., 2004; Palmer et al., 2003] . A common method for estimating emissions based on observed concentration data is to use the ratio of two observed compounds [Hansen et al., 1989] . Jaffe et al. [2005] report In comparison to the previous studies described above, we find a smaller underestimate of Asian sources. The model's total Hg 0 tracer is able to capture the observed slope to within 30% because it includes a contribution from Asian land emissions and reemissions. At Okinawa, these tracers covary in time with the Asian anthropogenic tracer and contribute to the magnitude of the observed events (Figure 2d ). Asian Hg II deposition follows a similar pattern to Asian Hg II concentration since both wet and dry deposition depend on Hg II concentrations. Hg II deposition is also larger over land, where dry deposition velocity is high (Figure 6d ). In terms of percent contribution from Asian sources, the geographic distribution and the deposition of Hg II are similar to that of Hg 0 and CO (Figure 7 ). This similarity occurs because Hg II originates from oxidation of the Hg 0 pool and thus reflects regional percent contributions to that pool. increases at high altitudes, where it is not readily removed by wet or dry deposition or incloud reduction [Selin et al., 2007a] . Consequently, Asian Hg II in the upper troposphere is due to oxidation of Asian Hg 0 emissions rather than to direct transport of Asian Hg II emissions, which are mostly deposited close to their source (Figure 8c ).
We consider the role Asian Hg 0 reemitted from the ocean using a tagged simulation with ocean emissions turned off. We find that ocean reemission increases the Table 4 shows regional contributions to Hg II deposition (wet and dry) to Okinawa, MBO, and the United States. Adding anthropogenic (including ocean reemission) and land tracers together, we find a North American contribution to deposition over the continental United States of 26%, slightly lower than the 30% contribution of North American anthropogenic (direct + reemission) to the US of Seigneur et al. [2004] and the 33% natural + anthropogenic North American contribution to deposition over North America of Travnikov [2005] . Our Asian land + anthropogenic deposition to the US is 25%, compared to 21% over the US [Seigneur et al., 2004] and 24% over North America [Travnikov, 2005] . 
Origin of mercury over the United States
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